Investigation of an in-situ method for determining the modulation transfer function and its applications in a microlithographic wafer stepper by Carlson, Steven D.




Investigation of an in-situ method for determining
the modulation transfer function and its
applications in a microlithographic wafer stepper
Steven D. Carlson
Follow this and additional works at: http://scholarworks.rit.edu/theses
This Thesis is brought to you for free and open access by the Thesis/Dissertation Collections at RIT Scholar Works. It has been accepted for inclusion
in Theses by an authorized administrator of RIT Scholar Works. For more information, please contact ritscholarworks@rit.edu.
Recommended Citation
Carlson, Steven D., "Investigation of an in-situ method for determining the modulation transfer function and its applications in a
microlithographic wafer stepper" (1990). Thesis. Rochester Institute of Technology. Accessed from
Investigation of an In-situ Method
for Dete.nninin:J the
!b:iulation Transfer F\lrction am its Awlications
in a Microli'thograt:hi.c wafer ste~
by
steven D. carlson
B. S. Rcx::hester Institute of Tedmology
(1988)
A thesis su1::rni.ttErl in partial fulfillment
of the requirements for the degree of
Master of science in the center for
Imagin:J science in the College of
GraIiric Arts am Rlotograp1y of the
Rcx::hester Institute of Technology
August 1990
Signature of the Author _
Jl.1"V"lOrrt-ori by Name Illegible
~- ------:--:------:---=---=-------=--------Coordinator, M.S. Degree Program
COUB:;E OF GRAFH!C ARI'S AND~




'Ihe M. S. Degree 'Ihesis of Steven D. carlson
has been examinEd ard approved
by the thesis COlllr."i:':t.e2 as satisfactory
for the thesis requirement for the
V.aster of science degree





'IHESIS REI.FASE Pm1ISSIOO FORM
Title: Investigation of an In-situ Methcd for Detennining the MOOulation
Transfer Function am its Applications in a Microlithcgraphic
Wafer- stepper Sy~
I, , hereby gran': pennission to the
Wallace Mem:Jrial Library of R. 1.T. to reprcx:luce my thesis in v.11ole or in
part. Any reprcx:luction will not be for canmercial use or profit
l»~JI I lj9D
iii
INVESTIGATION OF AN IN-SITU METHDD FOR CETERMINTNG THE
MDOJLAnON TRANSFER FUNCTION AND ITS APPLICATIONS IN A
MICROLTTHOGRAPHIC WAFER STEPPER SYSTEM
by
Steven D. Carlson
Submitted to the Center for Imaging Science
in partial fulfillment of the requirements
for the Master of Science degree at the
Rochester Institute of Technology
ABSTRACT
Research into characterization of wafer stepper systems has
been done primarily by analyzing a series of wafer exposures. This
method does not allow for easy separation of the effects of the exposure
system and the resist processing system. In addition, determination of
the transfer characteristics of projection lithographic lenses is
typically done before the lens system is installed into the wafer stepper
system.
A method is presented which allows for the in-situ determination
of the modulation transfer function. This method separates the processing
effects from those of the exposure system.
Scattered light from a polysilicon edge is shown to be in close
agreement with the theoretical MTF as calculated by SAMPLE. Focus effects
on the resultant MTF curves are demonstrated. A comparison between single
and multiple scattering lines demonstrates that there is little difference
in the MTF curves.
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Chapter 1. Introduction
In the design and manufacture of diffraction limited state of
the art lens systems used in microlithographic steppers, many studies
have been done to evaluate the lens performance. ' There are many
factors which could possibly affect the performance of these lenses
after they are mounted in the stepper system itself. Some of these
are mechanical while others are environmental.
In order to evaluate stepper performance, the traditional
approach centers on a matrix of wafer exposures and subsequent
analysis. The purpose of this matrix is to determine the stepper system
characteristics such as exposure, best focus, overlay information, and
baseline correction. Such methods are heavily dependent on the
exposure and development characteristics of the resist. This
introduces the combined effects of both the projection system and the
recording system into the the final
image. While much work has been
done to characterize stepper systems as accurately and efficiently as
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possible using these methods, little has been done to determine
the Modulation Transfer Function (MTF) of the system in-situ.
1. Introduction
This is due to the difficulty in separating the lens transfer function
from the chemical and physical spread function contributions in the
resulting developed image.
Recently, a new technique has been introduced which allows
many of the stepper variables to be characterized in-situ without the
need for processing of any exposed wafers. The method employed uses
a variation of edge gradient analysis commonly used in evaluation of
images and photographic systems. The technique uses a matrix of lines
on a target wafer to scatter light as it is scanned across the a
projected aperture. The resulting aerial image intensity profile is
plotted. Best focus, overlay error, and other parameters are
calculated by comparing the shape and location of the profiles as
machine variables are changed. Additionally, knowledge of the stepper
system MTF would contribute to the overall understanding of stepper
performance. The Modulation Transfer Function is defined as the ratio
of image modulation to object modulation as a function of frequency.
Since the aerial image intensity profile is sampled, this distribution
can be used to calculate an estimate of the system MTF by using Tatians
method.8
Tatians method applies a Fourier transform algorithm to the
sampled aerial image. By using several substrate materials and
scattering geometries,
an understanding of the applicability in using
these methods may be obtained.
1. Introduction
The edge spread response and MTF are appropriate quantities
to measure in microlithographic applications. This is because imaging
is of extended rectangular objects and the parameter determining
imagability in the photoresist material or system is the aerial image
contrast at the wafer plane. Since rectangular objects are being
imaged, the ability of the projection system to accurately image an
edge is of primary importance. The MTF can be used to estimate the
practical resolution by relating image modulation vs. frequency to the
resist system to be used. The contrast of the resist system used will
determine the practical resolution of the system. The resolution
limits for projection lithographic systems are estimated by kX/NA,
where k is a process dependent factor, ?<. is the illuminating
wavelength, and NA is the projection lens numerical aperture. The
Q
value of k can be influenced by a number of process considerations.
It is generally taken as .8 for general production applications and .6
for research environments. Multilevel resist systems and advanced
processing techniques can
extend the value of k to .5, which





In order to determine the edge response, a numerical
representation of the aerial image intensity is obtained by stepping an
edge across the image and collecting the scattered or reflected light.
The collected intensity will be highly dependent on the scattering or
reflective properties of the target, the geometries of the target, and
orientation relative to the aerial image. In order to ensure that no
additional modulation of the image is added by the scanning process,
the exposed reflecting surface area, as seen by the object, must be
smaller than the step size in the direction of scanning.
'
There are several methods by which the edge response may be
determined. Among these are scattering and reflection. Scattering
uses a relatively rough surface to scatter light while the relatively
smooth surrounding surface will not. In this way, the rough edge can
be stepped across an image and the scattered intensity recorded.
Reflection uses the reflectivity difference between two adjacent
materials. The highly reflective material will reflect light at some
angle given by its edge profile. If this material is on top of a
non-reflecting material, or there
is no edge profile at the correct
angle, the detected intensity will be a result of only the light
reflected from the highly reflecting edge. Both methods will result in
a numerical representation of the aerial image intensity profile.
1. Introduction
The effect of focus position are important in determining the
practical resolution of a particular system. Surface topography can
influence the ultimate resolution of a system. If surface features are
of a height close to the depth of focus of a system, the imageability
of the resist system will be different at the top of the feature than
at the bottom. The focus effect is critical to the understanding of
how a system will respond to these topographical changes. An
examination of the behavior of the MTF as a function of focus may lead
to a better understanding of the microlithographic imaging system.
1. Introduction
1.2 OBJECTIVES
The objective of this project is to develop an in-situ method
for determining system MTF. The method employed will use Tatians
method of calculating the MTF from a sampled intensity distribution or
Edge Spread Function (ESF). The effects of various substrate
materials, processing schemes, and geometries on the resulting profiles
and MTF curves will be evaluated as compared to the theoretical MTF
values as determined by SAMPLE. The effects of defocus on the
resultant MTF will be analyzed. Benefits to resolution and selection
of resist materials based on results will be demonstrated. In
addition, a comparison of MTF values as a function of ambient
barometric pressure will be analyzed to determine if this technique is
sensitive enough to detect changes in system MTF.
Chapter 2. Methods
2.1 GENERAL SYSTEM PARAMETERS
The stepper system used for these experiments was a GCA 4800
with a .28 numerical aperture lens. In the stepper setup, a mercury
arc illumination source provides the appropriate wavelength. The
projection lens system is highly corrected at 435.8 nm. This
corresponds to the G emission line of Hg. The output spectrum of
illumination system is shown in Figure 2.1
300 360 400 460 *0C 60 600 660 700
Wavelength (n\
Figure 2.1
Output spectrum of stepper illumination system
Methods
A condenser lens system provides for a collimated source at
the object plane. At the object plane, a reticle defining the image is
placed. This reticle pattern is imaged through the projection lens
onto the wafer plane. The lens is a 10X reduction lens. A set of
reticles were used to pattern the target wafers. These reticles
provided several different linewidths and sets of lines. The different
combinations provided several scattering or reflecting geometries. A
different set of reticles were used to provide the object apertures.
The apertures were located at the center and the edge of the field.
2.2 RETICLE DESIGN AND FABRICATION
All reticle designs were executed using a CAD system (RIT's
ICE or Integrated Circuit Editor.15) The reticles were fabricated on
a pattern generator. The reticles were emulsion masks processed using
RIT's suggested process.
Methods
The object reticles had various designs consisting of single
lines and several lines together. The single lines were placed at both
the center and the edge of the field. The set of several lines were
placed in the center of the field. The purpose of this design was to
see the effect on the MTF of using several lines to increase the
signal. The fiducial marks were essential to insure that there was no
rotation. The reticles used to make the target wafers consisted of
single and groups of lines also. In the case of groups of lines, the
pitch was designed to match exactly with that of the object reticle.
2.3 WAFER TARGET FABRICATION
Each target wafer contains two alignment chips. These are
essential to insure that there is minimal rotation with respect to the
object's image. Several different target wafers were prepared. First
a test wafer with 5000 angstroms of oxide on silicon was used to see if
there was any collected light with
no topography. In addition, lines
were etched into the oxide to test the degree of scatter using just the
oxide geometries. Aluminum on oxide on silicon was prepared to test
the results due to the reflectivity difference between the aluminum and
the oxide as well as reflection from the slope of the lines. Both
10
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single and multiple lines were used. Finally, polysilicon on oxide was
used to test the results due to scattering. In this configuration, the
light will scatter off the rough polysilicon while it will not from the
oxide. Again both single and multiple lines were used.
All target wafers were imaged using KTI 820 resist. Resist thickness
was approximately L2 microns. Minimal overetch was done because the
etching process was aggresive enough to completely clear the target
lines imaged at approximately 1 micron in width. The intensity of the
scattered light was highly dependent on the presence or absence of
particulates on the wafer surface. Because of this an attempt was made
keep the target wafers as clean as possible. Also, if any scattering
was detected due to particles, another site was chosen on the target
wafer.
2.4 DETECTOR
The detector used was an EG & G model 450 radiometer fitted
with a 550-2 probe. The probe was mounted off the wafer stage and
adjusted so that the maximum amount of light was collected. Due to the
design of the stepper system, the probe had to be mounted at a low
angle with respect to the wafer stage. The stepper setup also did not
allow the detector probe to be mounted on the wafer stage so that the
angle between the edge and the probe
would remain constant as the stage
stepped across the aperture. The movement of
the stage did not affect
11
Methods
the linearity of the detector as the wafer stage movement totaled 5
microns. The probe head was held between 11 and 13 degrees for maximum
response depending on the wafer material. The total stage
movement resulted in less than 0.005 degree change in angle of
incidence. This is well below the 1 degree field needed to ensure











The measured response was in
uwatt/cm2
with maximum
resolution being 5xlO-11uwatVcm2. The 12nm bandwidth filter
centered on the Hg g-line of 435.8nm allows only reflected or scattered
light from the source to be collected because the chamber was masked to
eliminate all sources of stray light. In order to provide maximum
machine stability, a 15 minute warmup cycle was added to each data
collection cycle. The amplifier circuit is a transimpedence amplifier
with no reverse bias. This configuration maintains a constant voltage
across the photodiode junction and thus increases the circuit
linearity. This circuit also results in increased speed as compared to
conventional resistive load amplifier circuits used in radiometers.
In addition, the noise introduced from the photodiode and amplifier is
minimized. The amplifier circuits are shown in appendix A.
2.5 DATA COLLECTION
The exposure time was set at 4 seconds and data recorded as
the wafer stage was stepped across the aerial image. This provided for
the reading to stabilize
between steps and opening of the shutter. For
each run, data was recorded
for intensity at each step, focus position,
and ambient barometric
pressure. Also recorded was the backround
intensity if any. There was at
times a small backround reading from
particles on the target wafer. If it was determined that the particles
13
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were located off the edge and were present during the entire scan in
the illuminated aperture area, the data was still taken. This had no
effect on the MTF curve and simply added a positive bias to the edge
profile.
2.6 EDGE RESPONSE ANALYSIS
Several methods have been demonstrated that involve use of
the the sampling theorem in the computation of the transfer
function. ' These methods were developed for use in photographic
analysis involving microdensitometer techniques. These methods were
found to be highly sensitive to noise. Since these techniques
typically involve determining the edge spread by analyzing the images
themselves, much of this noise is a result of the recording film.
Such factors as grain size distribution over the aperature area and the
nature of dispersity in the emulsion contribute to the overall noise
quantity. In addition, there also needed to be correction factors
introduced to account for microdensitometer nonlinearities because of
such
variables.21-23
These edge response measurements are analogous
to measuring the exposure
matrix of the wafer because they all involve
measurement of the resultant image. The edge response technique
proposed measures the edge response of the aerial image used to form
the resist image. This removes the spread functions and noise
14
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associated with the imaged material. This reflects the response of the
projection system only without the additional variables of the resist
system and processing.
In each experimental run, a stepper job was written to step the wafer
stage across the aerial image. Initially the runs were done with the
object in the middle of the field. Each of the three materials were
tested with a single line. Oxide on oxide, polysilicon on oxide, and
aluminum on oxide lines were stepped across a 15 micron wide aperture.
To establish repeatability, a series of runs using the same polysilicon
line was completed during a single day and done again a day later.
Several runs were done with the aperture at the edge of the
field. This was done to establish whether or not a difference could be
detected in the MTF due to field position. Another series was done
using multiple lines. This was done in an
attempt to boost the signal
strength by collecting the radiation from several lines instead of just
one. The reticles and the target wafers were designed so that the
edge of each scattering or reflecting line matched exactly with its
corresponding aperture. The setup showing
the relationship between the
reticle and the wafer for multiple lines is shown in Figure 2.3.
15
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Figure 2.3
Reticle vs. wafer setup for multiple lines
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Each data collection run resulted in the production of an
edge response vs. wafer stage position. This edge response was plotted
and the values input into a FORTRAN program to determine the MTF plot.
The program uses Tatians method to determine the MTF. The MTF is found
by taking the magnitude of the Optical Transfer Function. The equations
developed by Tatian have been
simplified24
and can be found in
Appendix B.
The MTF is plotted as a function of frequency (in cycles per
millimeter). The program normalizes the data and computes the MTF to
a user specified spatial or temporal frequency. A sample of the
program used is contained in appendix C.
2.7 THE EFFECTS OF FOCUS
The shape of the aerial image intensity profile determines
the resulting MTF curve. Introducing defocus results in a decrease in
the slope of the edge
response.25
Resolution and depth of focus are
typically described in terms of the Rayleigh
criterion.26
The
expression for resolution is given by
R = k*/ NA (1)
17
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The resolution can be related to the MTF by determining the minimum
modulation of a photoresist system needed to produce an image. This
will correspond to a resolution in terms of cycles/mm. The minimum
modulation required for a particular resist system to image is
determined by the Critical Modulation Transfer Function (CMTF).
The CMTF is defined by
[luVJ-i] / rio^+l] (2)
where % is the contrast of the resist system.




The values of k and b are process dependent variables that can vary
with the process being used. The effects of the resist system are all
lumped into these values.
These traditional methods adequately describe lithographic systems
where the resist thickness is considered to be less than the depth of
focus for the projection
system.27
In many modern applications, the
imaging layer is close to or
less than the thickness corresponding to
the projection system depth
of focus. This may be because of
topography in addition to
the resist being applied thinner to increase
18
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resolution. Recent studies have shown that the photoresist repsonse is
closely related to the log of the slope of the aerial image
intensity.
'-:y
The aerial image intensity creates a chemical
distribution function in the resist. It is this distribution that acts
as the latent image. The latent image slope is proportional to the
slope of the log of the aerial image intensity. It is this relationship
that is used to determine practical resolution of a system in several
Of) TT
studies and simulations.
' Because the MTF, as determined by
Tatians method, is dependent on the aerial image profile, this
dependency on the slope is inherent in the result. The effects of
defocus on practical resolution can be determined by examining the
modulation needed for a particular system to image. The modulation for
a particular resist system, given by the CMTF value, can be related to




The focus setting of the GCA 4800 is a value in GCA units.
Each GCA unit is equal to 0.25 microns. Thus, for a defocus of 1.25
microns to be added, 5 must be added or subtracted from the focus
value. Using a typical value for b of .7, the depth of focus as
determined by the Rayleigh criterion is +/- 3.891 microns. To minimize
the effects on focus from lens heating, the manual shutter was opened
for 15 minutes before the first experimental runs.
2.8 STATISTICAL TREATMENT OF DATA
Since the primary interest in the MTF from a practical
resolution standpoint is the frequency at a particular modulation, the
statistical tests were done at several contrast values. A convenient
value of modulation to use is 0.4. This is a value that is usually
close to the minimal value needed for consistent imageability in the
photoresist system. A modulation of 0.4 corresponds to a of 2.71.
The tests can be applied to the values of the resultant MTF curves
instead of the values of the edge response because the MTF is not
empirically derived from the
edge spread
response.32'33
Significance testing was also done to determine the effect,
if any, of the change in
barometric pressure on the resultant MTF




An example of the theoretical MTF determined by SAMPLE
(Simulation And Modeling of Profiles in Lithography and Etching) is
shown in Figure 3.L The program solves for the aerial image intensity
using a combination of numerical and analytical integration. The
integrals are determined using
Hopkins' transmission cross
coefficients. These coefficients are used to weight the Fourier
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Figure 3.1
Theoretical MTF determined by SAMPLE
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3. Results
Tests of the silicon dioxide showed that there was no
reflection at the angle of detection. The lines that were etched into
the oxide provided no scattering or reflection. This is expected given
the nonreflecting properties of the silicon dioxide layer. As
expected, particulates on the wafer surface provided reflected and
scattered intensity. These particles were kept at a minimum by
cleaning the wafers. If, however, particles are present in the scan,
it is determined whether or not the particle lies in the aperture area
during the entire scan. If it does, it simply adds a positive bias to
the intensity profile. This does not affect the determination of the
MTF because the program normalizes the data. If the particle is not in
the aperture area during the entire scan, then a different scanning
location is chosen.
3.2 REPEATABILITY OF RESULTS
A series of five runs was used to determine repeatability.
An additional series was run on the following day. A sample of the
resulting aerial image profile is
shown in Figure 3.2. The MTF curves
from these edge profiles are shown in Figures 3.3 and 3.4. Examples of
the aerial image data and the MTF data can be found in Appendix D. A
modulation of 0.4 was chosen to determine the repeatability.
22
Results
The aerial image intensity profile of the aperture is shown
below. All runs were completed after a lens warmup cycle of 15
minutes. It has been shown that lens heating affects best focus
position
6
and this warmup time allows for a steady state condition
to minimize focal shift. This was deemed necessary because of the long
exposure times between steps for data collection.










The MTF curves from day one were calculated from five runs
done over the course of several hours. The barometric pressure was
29.63. The curves of Figure 3.3 have an average spatial frequency of
579.6 cycles/mm at a contrast of 0.4. The standard deviation is
12.32. This represents an average of .862 microns with a standard
deviation of .017 microns. The second set of curves are shown below.
The barometric pressure was 29.65. A third set of curves were
calculated when the pressure was 30.5.
24
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Second set of KTF curves
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3. Results
The MTF curves of Figure 3.4 have an average of 587.4
cycles/mm with a standard deviation of 11.94 at a contrast of 0.4 This
is equivalent to .851 microns and a standard deviation of .0167
microns. The average for the curves calculated at a pressure of 30.5
is 574.S cycles/mm with a standard deviation of 13.99. The curves are
similar to Figures 3.3 and 3.4. To test if there is any statistical
difference between the sets of curves, tests for both the differences
37 "}R
in the means and variance of the sets are done. ' To test for the
differences in the mean, the t distribution is used.





Tne F distribution is used to test the difference in






The null hypotheses are that there is no difference between
either the means or the variances. For the repeatability from one day
to the next using the same setup, the calculated t statistic is 1.016.
The test statistic with nl+n2-2 degrees of freedom is 3.355 at the 99 %
confidence level. Since 1.016 is not greater than 3.355 it is
concluded that there is no significant difference between the means of
the two days trials. The F statistic for the same two sets of curves
is calculated to be 1.064. The test statistic is 16.00 for nl-1 and
n2-l degrees of freedom. Again, it is concluded that there is no
significant difference between the two sets of curves at a contrast of
0.4.
The same procedure is followed to determine the effect of a
change in barometric pressure on the MTF curves. The values for the
set of curves at the high pressure is compared to those from the lowest
pressure. The t statistic is calculated to be 1.62. It is concluded
that at the 99 % confidence level that there is no difference in the
two means. The F statistic is calculated to be 1.37. It is concluded
that there is no difference between the variances. These results
indicate that the test is not sensitive enough to detect differences
due to changes in the barometric pressure. It has been shown that the
TO
position of best focus changes with changes in pressure.
3
In this




3.3 POLY EDGE SCATTERING
Figure 3.5 compares the theoretical MTF curve as determined
by SAMPLE, with one obtained experimentally using poly edge
scattering. The experimental curve shows good agreement with the
theoretical curve. The differences between the two could possibly be
the result of some small rotation between aperture and the scattering
lines and slight differences in the poly edge profile. Both of these
situations will serve to decrease the slope of the aerial image and
therefore increase the modulation at a given spatial frequency. Noise
introduced by these factors at the beginning and end of the edge
profiles is shown primarily by the response at high spatial
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Figure 3.5




The curve shown in Figure 3.6 is the MTF from the edge
response of a metal line on oxide. The reflected intensity is plotted
and compared to the scattered intensity from the poly line. The edge
response shows a greatly reduced slope as compared to the poly edge
response. There are several factors that contribute to the greatly
increased modulation. Because the detector is mounted at such a low
angle with respect to the wafer plane, the aluminum would have to have
a specific sidewall angle. This angle would be determined by the angle
of the detector. The aluminum layer was approximately 3000 angstroms
in thickness. The alumiunum lines were isotropcally etched and
therefore did not have a well controlled sidewall angle. The width of
the aluminum as seen from the perpendicular axis was greater than the
step size of the wafer stage. This introduces a modulation to the edge
response function. The situation is analogous to having a detector
width which is larger than the sampling interval.
3. Results
NTT curve; metoL line
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Figure 3.6
MTF curve for an aluminum line
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3.5 SINGLE VS. MULTIPLE LINES
Figure 3.7 compares the MTF curves for both single and
multiple aluminum lines.
IT r curves; netc i^ LHi
Single vs. multiple L^nes
cycles/mm
Figure 3.7
Single vs. multiple aluminum Lines
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Figure 3^ shows the comparison between single and multiple
lines using poly scattering.
Aluminum and poly MTF curves show that there is good
agreement between the response for single and multiple lines at lower
spatial frequencies. The differences at the higher frequencies are a
result of decreased slope in the tails of the edge response. This is
as expected due to the variations in linewidth of the scattering or
reflecting lines. Because of this variation, the scattering or
reflection does not begin at the same location fcr the different lines.
Tne net result of this is a stretching out of the two ends of the edge
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Figure 3.8
Single vs. multiple poly lines
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Aerial image intensity profile
160





single and multiple lines
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3. Results
An alternate method of boosting signal strength is to
increase the length of the scattering lines. Figure 3.10
shows a
comparison of the two edge responses from two different length lines.
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Figure 3.10
Edge response from 2 different length lines
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MTF curves: long vs. short lines
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Figure 3.11




The aerial image intensity profiles shown in Figure 3.10
appear very different. They do, however, produce MTF curves of very
similar shape. This is due to the normalized intensities of each curve
along the linear portion being approximately the same. The increase in
line length will add some small amount of noise. This noise will be




Figures 3.12, 3.13, and 3.14 show the effect of focus
position on the resulting MTF curve. The best focus position is
labeled as 0. The numbers associated with each curve are de focus in
GCA units. One GCA unit is 0.25 micron. A single poly line is used
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MTF curves vs. focus
3. Results
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MTF curves vs focus
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Figure 3.14
MTF curves vs. focus
43
Results
In Figure 3.12, the curves for best focus, 10, and 30 units
of defocus are plotted. The 10 unit defocus curve deviates from the
best focus curve slightly. 10 unit defocus is equal to either plus or
minus 2.5 micron defocus. Using an average value for b (0.7), the
Rayleigh depth of focus is found to be +/~ 3-89 microns. This
arbitrary value of b is suspect however, because the curves deviate by
a greater amount than the curves calculated to determine
repeatability. The difference between the 10 unit defocus curve and
the best focus curve, at a contrast of 0.4, is greater than the 6 sigma
range around the mean of the repeatability runs. A lower value is more
appropriate, in this case a b of .45 will yield a depth of focus of
+/-
2.5 microns.
The 30 unit defocus curve clearly shows the effect of defocus
on the MTF. The 30 unit defocus is equivalent to 7.5 microns defocus.
This is well outside the depth of focus of the projection lens. At a
contrast of 0.4, the 30 unit defocus curve
corresponds to a resolution
of 328 cycles/mm. This is equal to 1.52
microns compared to 565
cycles/mm or .884 microns for 10 units of
defocus. The contrast that
exists beyond approximately 360
cycles/mm for the 30 unit curve is well
3R





In Figure 3.13, the curves are plotted for both a positive
and a negative 10 units of defocus. The two curves show good
correlation in the lower spatial frequency range. There is some
deviation between the two at higher spatial frequencies. At a contrast
of 0.4 this difference is not significant. There is noticeable
deviation at frequencies beyond this point. This would suggest that
there is a difference between a positive and a negative defocus. With
the projection lens system used for this experiment, this does not
present a problem from a processing standpoint. If a higher numerical
aperture lens is used, then this difference could be significant. This
asymmetrical effect of defocus has been previously described.
-1-'42
This same effect can be seen in the curves of Figure 3.14. The curves
of this figure represent the MTF curves for a positive and negative 5
units of defocus. This 5 units corresponds to 1.25 microns defocus.
This is well within the predicted depth of focus. The difference
between the defocus curves and the best focus curve is well within the
expected experimental variation as
predicted by the repeatability
curves. This asymmetrical focus effect will become significant with
systems where the depth of focus approaches the
resist thickness. In
these systems, the optimal
focal plane will be somewhere other than at
the plane corresponding to
one-half the resist thickness.
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Results
Figure 3.15 shows the relationship between resolution limit
as determined by the spatial frequency that yields a modulation of 0.4,
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The resolution vs. defocus curve shows an asymmetrical
effect between positive and negative defocus. It should be pointed out
however, that this difference, with the exception of the +/- 30 unit
defocus is within the experimental variation. While the difference at
30 units defocus is significant from a numerical perspective, it is not
of practical significance. This amount of defocus is well beyond any
amount of defocus that might be used in an imaging process.
Figure 3.16 shows the MTF curves from both the center and










KTF curves for center
and edge of field
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Chapter 4. Discussion
The results of using this technique for determining system
MTF show good agreement with the theoretical as determined by SAMPLE.
It is important that the correct method of determining the aerial image
intensity profile is used. The differences shown between the
experimental MTF and the theoretical one could be further reduced by
using a very narrow poly line as the scattering line. The detector
angle is important in this application. With a small angle relative to
the wafer stage, the role of the width of the scattering line is
reduced. There is some noise introduced by the surface of the poly.
This results in the collection of a small amount of scattered light
that is not a result of scattering from the edge, but rather from the
top surface of the poly
itself. This may be either from the grain
boundary structure or the
surface topography. Tests using a poly
surface show that the noise
associated with the surface topography to
be a maximum of 13 % of the
scattered intensity. Increasing the angle
of the detector greatly
increases this effect. This results in a
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4. Discussion
modulation of the edge profile due to the influence of the finite
detector width. The 1.5 % addition represents a signal to noise ratio
of approximately 67:1 due to the scattering. It has been shown that
for signal to noise ratios greater than 4:1, the benefit of applying a
smoothing filter is
negligible.44
In addition, because this technique
does not involve the measurement of images in a second medium, but
rather the measurement of the aerial image itself, this source of noise
is removed as well. The other sources of noise associated with edge
response determination are detector noise and
stray light. The stray light component was eliminated by taking
measurements in a darkened environment. There is also an ambient light
compensator on the detector. This was not used. The use of a detector
which uses a transimpedence amplifier as its photomultiplier circuit
45
keeps the noise associated with the detector to a minimum.
-"
The
noise equivalent power of the detector is stated to be 2.0 X
10~12
watts according to the technical
data supplied by the manufacturer.
This represents a signal to noise ratio of over
200:1 in this
application. From these considerations, it is concluded that no noise
filtering is needed to keep
the results within statistical experimental
error limits.
Reflection is not suitable for aerial image determination in
this application due to
the detector angle. If it were possible to
mount the detector close
to optical axis, then the reflectivity
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4. Discussion
difference between the aluminum and the backround oxide could be used
to obtain a model of the aerial image intensity profile. In the case
where the detector is mounted close to 90 degrees with respect to the
wafer plane, the collected signal as the aluminum was stepped across
the edge would be proportional to the aerial image intensity. This
assumes a constant reflectivity over the surface area of the aluminum
used in the scan.
The effect of changes in focus can clearly be seen in the
resulting MTF curves. This can be approximately related to the
Rayleigh depth of focus of the projection system used. The effect of a
defocus on the aerial image is to widen the edge spread function and
decrease the slope. If the slope of the center of the aerial image is
kept constant and that of the tails is decreased, the result is a
change in the high frequency components if the MTF curve. This occurs
when multiple lines are used or there is a slight rotation in the
scattering line with respect to the
aperture. It can be shown that by
using the central limit theorem, a large





requires 30 or more lines so that the true aerial image intensity
profile will fall between specified confidence limits on the measured
intensity profile. The greater
the number of lines used, the smaller
the error introduced by the linewidth differences. This method would
provide for greater differentiation
between the scattered signal from
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the edge and that seen from the surface.
In order to detect changes in the MTF due to changes in
barometric pressure, the experimental variability needs to be reduced.
The large depth of focus of the 0.28 numerical aperture lens does make
this difficult. For a system with a smaller depth of focus, this
technique would likely be better able to detect changes in the plane of
best focus caused by the differences in pressure. Even if the
experimental variability could be significantly reduced, it is doubtful
that this technique could accurately determine the effect of pressure
changes given the large depth of focus.
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Chapter 5, Conclusions and Recommendations
The in-situ determination of stepper system MTF has been
demonstrated. The measured MTF using poly edge scattering is shown to
be close to the theoretical MTF as determined by SAMPLE using the
system parameters. These are a numerical aperture of 0.28, an
illuminating wavelength of 435.8 nm, and a partial coherence of 0.68.
The theoretical curve represents the values for the lens itself and not
any factors introduced by the whole stepper
system. Several causes
accounting for the deviation
between theoretical and actual were
presented. The comparison between reflection and scattering shows that
reflection is not a suitable method to use in this configuration. By
changing some of
the experimental conditions such as collector angle,
it could perhaps be
demonstrated that reflection also provides an
effective method for determining
aerial image intensity. It is
concluded that for this
experimental setup, poly edge scattering
provides the most accurate
repsonse.
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5. Conclusions and Recommendations
The effects of focus on the aerial image intensity profiles
and the resulting MTF curves is demonstrated. There is no difference
beyond that which can be explained by experimental variation for the
curves for a defocus value that falls well within the expected depth of
focus. For defocus values near the expected depth of focus, there is a
noticeable diffference between the MTF curves of defocus and best
focus. The difference is dramatic for large defocus values.
There is little difference over most of the usable spatial
frequency range between single and multiple lines. The difference is
evident in the higher frequencies. For poly lines, the difference at a
modulation of 0.4 is within the expected variation. This is a result
of a flattening of the edge response at the beginning and the end of
the aperture as detected by the scattered light.
The stepper system used in this experiment did not allow for
the detection of any difference in response due to changes in
barometric pressure. This is theorized to be in part due to the large
depth of focus for the projection lens at the illuminating wavelength.
Application of this technique to a system with a smaller depth of focus
may allow
detection of changes in the plane of best focus due to
pressure changes.
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5. Conclusions and Recommendations
Recommendations for further study include the design
and
testing of a mask and target wafer set with a large number of lines.
This would greatly increase the signal strength. Also, to test a target
wafer with very narrow lines. This would perhaps allow for reduced
experimental error and enable the detection of changes in focus due to
pressure differences. In order to make the system less time consuming,
the data collection could be automated. This would involve digitizing
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THE EQUATIONS USED XN THE PROGRAM TO CALCUIATE THE MTF USING TATIANS
METHOD ARE GIVEN BY Tl(f ) AND T2 (f) . THESE ARE THE REAL AND IMAGINARY
PARTS OF THE TRANSFER FUNCTION RESPECTIVELY.
Ti(f) = 2^xf V E(n^x)sin(2nr^xf)+cos((N+1/2)2"^xf)JE(n
sinc( ,-xf)
iT2(f)
= 2Mxf V E(n_lx)cos(2nn^xf)- sin((N+1/2)2 _xf
sinc(H^xf)
THE MTF IS FOUND BY TAKING THE MAGNITUDE OF THE SUM OF THESE TWO PARTS
K(f) = sqrt[ Tl(ff
+ T2(f)2]
WHERE AX IS THE SAMPLING INTERVAL
E(n AX) IS THE VALUE OF THE EDGE RESPONSE AT A DISTANCE nAx FROM
THE ORIGIN
f IS THE FREQUENCY OF THE COMPONENTS OF THE TRANSFER FUNCTION
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APPENDIX C
PROGRAM FOR OuXUIATING MTF
*
*
* Optical Transfer Function Determination fro* Edge Response *
*
David A. DeMuynck *
May 9, 199C *
*
*********************** progjjj^ IDENTIFICATION a*************************
"
*
* This prograr will calculate the optical transfer function *
* fror the edge response function.
* *
*********************** VARIABLE DECLARATION **************************
<*
*
* TZ Cutoff frequency < cycles ivs ) or (kHz) *
* DELFT Frequency increment
* TZ Sampling frequency ( samples /mir ) or (sairpjes /fe >
*
* V. NuTr.her of sample points *
*
EDGE'X'
Value of Edge response * X aairple pcir.r *
* EDGEMAX Maxir.uir Edge response for nr-riia lira
tic*- *
* E sparing between sampling points
(v- ) or (its *
* Y
hift c"
counter for summation value- *
* T .TZ Frequency variable *
* Ti(FT' Real part of transfer function
* 71 'FT Imaginary part of transfer funrticr *
* E'.^'FT Summation part of Ti(FT)
SVKi : FT) Suraitation part of T2(F7) *
* iV'F' Hagr.itude of transfer function *
* F
'
F Phase of transfer function *




*********************** TYPE DECLARATION *****************
*********
*
REAL* E FC .DELFC ,FS ,N ,EDGE; 1 OOCC ) ,EDGEKA>:
RE>L*E E,X,Y,F,FT,R1,P2,T1< 10000 >,T2(1000C>






































IF ( INPUT. EQ. 'DATA')
THEN











*********************** PROCESS BLOCK **************************
jC d: ec i=:.n
EDGE ! I ) EDGE ( I ) /EDGF.MAX
EO CONTINUE
FS = 1/E
IF (E.GT. ll/(2*FC) ) ) THEN









SUV.l ' FT! = 0
DC 100 X=i,N
Y=X-(N-1 )/2-l
SUV.l < FT ) =suk: ( FT ) +EDCE '. X > *SIN ' 2*F I *y*f<ft
SUK2lFT)SUK2(FT)-ED3E(X)*CCS 2*FJ*YE*FT
ICC CONTINUE




( (N-l) /2+C.E)-k?*F:*E*FT)/(SIN!PlE*FT)/(F^*E-FT. )
t:(FT)=(2*f:*e*ft*sum:(Ft; >+f:
t2(ft)=(2*p1*e*ft*fuk2(f7) )+f2
K!FT)SOPT(T] (FT)**2+T2 (FT)**2 )
P(FT)DATAN'T2(FT> '11 'FT) )
W?.ITE(2,*) F.iV'FT)
* WRITE (3.*) F,F(FT/
2cc continue



















































': o ^ ^. '. ,-.
:: :'": ::: cc:
"
-
: ' ' ' '-
0' 0 f (*
'' ^ r> 0 '' '" r
. (







-.'.'. fj ' '." f'io (, : -
:
"
c . : o o o - c :
:
v
'- '- 0> <-,.;
r> : : .
r o*
o ^ r
' ' r r< r
'




r, A ^ r, r
r r. r r, , .
,'
i ~. '. o ^ o o o o r : f.,r o o ^
c
C'
: . coo "' o
' r' o 0 ''(
tec . oooo^ooooo: oo
C 0- C . C 0 0 0 C 0 0 0 0 0 r '-c
72 c .oco jooooocco
750.0000000000000
"t : . ooc.ocoocooc :















1 1 7o.oooo('00oc c: :
1 200.000000000CO 0















. c : c /-
-
1 : c : :
"




















j 'r-_ : . -;
C . C C : 4 : O1 0 j
'
7 o c :
o . c 1 4 ? c
''.:-.''_..:"."









o. 5022.47^ :74": : :
-
o.40-C'"C2C2C2'~:'
0.2-5094662; :;: :;o -
o . 2 1 6 4 : 4 c : 4 ; 2 ; 4 c :
c . r e 3 : 4 :
^r '
7 c : cc
0.253304201234:2C?
<
. 2 2 4 0 0 F 1 0 4 6 : 7 o :> '
j. lc5?'"20C'C
^C'O'c" "


















5.57400t.G>!rn ) ) ?'Cf-.t- -C :
4.7e2eo6727in : iL 22F -c :
4. 1 1P34036C:3C,C7?7F-::



































<- ' ', r A -i r f '
\l J J\J \ - .... V -
ooooo: oo oo ooo
. o o o o o '" c o o c : :
. 0 0 0 0 0 0 0 0 0 o 0 0
. OCCOOOC OOOO'j
















o a '> ? '-.
"
f
2 C 2 i 3 : 9
n




; r. c c) ^ -: o : 4 :
-
'
1595? ^94: 9 : 6 2 ;
"








PLUS 10 UNITS DEFOCUS
69
APPENDIX D




















14 2 2 6
144
2C
14 4 :
6
145
26
25
